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ABSTRACT

The oxygen-to-metal (O/M) ratio is one
of the most critical parameters of
nuclear fuel fabrication, and its
measurement is closely monitored for
manufacturing process control and to
ensure the service behavior of the final
product. Thermogravimetry is the most
widely used method, the procedure for
which has remained largely unchanged
since its development some thirty
years ago. It was not clear to us,
however, that this method is still the
optimum one in light of advances in
instrumentation, and in the -current
regulatory environment, particularly
with regard to waste management and
disposal.

As part of the MOX fuel
fabrication program at Los Alamos, we
conducted a comprehensive review of
methods for O/M measurements in
UO2, PuO2 and mixed oxide fuels for

thermal reactors. A concerted effort
was made to access information not
available in the open literature. We
identified approximately thirty five

experimental methods that (a) have
been developed with the intent of
measuring O/M, (b) provided O/M
indirectly by suitable reduction of the
measured data, or (c) could provide
O/M data with suitable data reduction
or when combined with other methods.
We will discuss the relative strengths
and weaknesses of these methods in
their application to current routine and
small-lot production environment.

INTRODUCTION

The scale-down in the US and
Russian nuclear weapons stockpiles
has produced a surplus of weapons
grade plutonium and highly enriched
uranium. According to a recent
National Academy of Sciences Report
“Some 10,000-20,000 warheads in the
United States and at least a similar
number in the former Soviet Union are
likely to fall into this {excess] category,
depending on the ultimate scope of
reductions and decisions concerning
the size of non-deployed reserves.
These excess nuclear weapons on the
two sides could contain well over 100
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metric tons of plutonium, and perhaps
1,000 metric tons of HEU, much of
which may also be declared excess to
military  needs.”[ This  excess
weapons Pu is considered to be a
threat for potential proliferation and
various disposal options have been
examined. The currently favored
disposition routes for surplus weapons-
grade Pu are (1)incorporation into
mixed-oxide fuel (MOX), and “burning”
in civiian nuclear reactors, and
(2) immobilization of the Pu together
with  intensely radioactive fission
products in glass.

The use of MOX as a nuclear
reactor fuel is well established,
particularly in Europe and Japan.
There are, however, no MOX fuel
fabrication facilities in the US, owing to
the fact that there are no domestic
electricity generators using MOX fuel.
(This appears to be primarily a public
relations issue, as opposed to a
technical issue.) Consequently, there
is little current domestic expertise in
analytical measurements as
specifically applicable to MOX fuels.

The primary purpose of this
investigation, then, was to evaluate
existing analytical techniques for their
applicability to O/M measurements of
MOX derived from excess weapons
plutonium. The composition of MOX
pellets, derived from this PuO2

feedstock, presents a somewhat
different situation, in terms of pellet
fabrication and certification, than is the
case for PuO2 derived from pure Pu

metal. The second objective of this
investigation was to bring up-to-date
the literature on O/M measurement
methods, which has not been
undertaken in over twenty years.
Previous reviews were presented by
Lyon in 1963,[f]] Perron in 1968,[d]]
Florence in 1972,[4]]and most recently
by Swanson in 197 .[El

The techniques known to have
been applied to O/M measurement
have been evaluated, as well as a
large number of experimental studies
of various thermal, physical, and
mechanical properties, which, although
never directly applied to O/M
determination, have been studied in
sufficient detail such that an
experimental database exists which
might be useful for the development of
an analytical method.

There are several classification
schemes that can be used to organize
O/M measurement methods. The most
popular schemes are based on
(a) whether the analysis is performed
in solution (wet chemical) or on solid
material (dry), and (b)whether the
concentration of major constituents are
analyzed directly (direct) or are
inferred (indirect). Figures 1 and 2 give
our classification, which is based
rather loosely on whether or not the
analysis method requires a change in
the physical state of the sample. The
methods listed in Figures 1 and 2 were
those that were deemed applicable to
the O/M measurement problem, as per
the requirement of previous application
or existence of a suitable database
based on that method. Table 1 gives
some baseline values for precion and
accuracy of these methods.

The ideal analytical method for
O/M determination would have the
following attributes:
1. High accuracy and precision over
all ranges of mixed oxide
stoichiometry, and therefore of
mixed oxide compositions,
Non-destructive to the pellet,
Rapid, so that sample throughput is
high (The abilty to measure
multiple samples simultaneously
would be optimal),
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Chemical
Methods

— Dry Chemical
Methods

— Thermogravimetry (1)
— Gas Equilibration (2)
— Chemical Reduction/
Inert Gas Fusion (3)
— Fluorination (4)
— Compound
Addition (5)
— EMF Cell (6)
— Wet Chemical

Methods

— Coulometry (7)

— Spectrophotometry/

Absorptimetry (8)

— Fluorimetry

— Polarography/
Voltammetry (9)

— Phosphorimetry (10)

— Titration
potentiometric (11)/
amperometric (12)/
spectrophotometric (13)

Figure 1. Methods applied to the
measurement of O/M ratio in pure and
mixed oxide fuels.

4. Capable of being at least partially
automated, to eliminate as many
measurement errors as possible,

5. Inexpensive to implement and

operate,

Small “footprint”

Does not generate hazardous

and/or radioactive wastes

8. Capable of direct measurement, so
that the establishment of calibration
functions and method bias are
unnecessary.

9. Uses instrumentation/equipment
that is commercially available.

No

While a routine (in-plant) analytical

Solid State
Methods

Thermal Electrical
Properties Properties

Thermal Conductivity/
Diffusivity (14)

Heat Capacity/ Resistivity/
Specific heat (15) conductivity (26)

Thermoelectric Power (25)

Melting point (16) Hall effect (27)
Thermal Expansion/
Dilatometry (17)
Optical Surface
Properties Science
\: Reflectivity (18) AES/EIL (28)
Absorptivity/

XPS/ESCA (29)
lon Scattering Spectrometry (30)

Transmissivity (19)

Miscellaneous Irradiation
Methods Methods

L Streak Test (20) X-ray Fluorescence (31)
X-ray Diffraction (32)
Neutron Diffraction (33)

X-ray Absorption (34)

Nuclear
Methods

Nuclear Reaction
Analysis (21)
Neutron Activation
Analysis (22)
Nuclear Resonance
Scattering (23)
Rutherford Backscattering
Spectrometry (24)

Figure 2. Methods applied to the
measurement of O/M ratio in pure and
mixed oxide fuels.

method will possess as many of these
attributes as possible, they must be
weighed against analysis time,
complexity, cost, availability of
equipment, etc.

Owing to the differences in
atomic number, mass chemical
behavior, reactivity and physical
properties of oxygen versus (U and
Pu), it is difficult for one method to
simultaneously provide high-precision
data on both elements, and thereby
give an accurate O/M ratio. The logical
alternative is to determine O/M ratios
by measuring the oxygen and metal



contents independently but
simultaneously. There have been two
reported approaches:
(1) measurement of oxygen by inert
gas fusion and total metals (U + Pu)
content by controlled-potential
coulometry. A precision of +0.005 j

O/M for 1 g samples was claimeﬁ[%ﬂ
and (2) measurement of oxygen
content by lattice parameter
measurement by x-ray diffraction and

(Pu/U) ratio by x-ray fluorescence.[q]]

While such combined methods
achieved some level of success, they
were viewed as extremely time-
consuming and labor intensive, while
requiring dedicated analytical
chemistry  facilities. They were
therefore not seen as suitable for
routine analytical use. Consequently, it
became industry-wide practice to use
an indirect method.

It appears that most fuel
fabricators use the indirect method of
thermogravimetry for routine O/M
analysis. Among the various thermal
treatments  associated with  the
thermogravimetric method, there are a
few that have become ‘standard
techniques’. These include the thermal
treatments proposed by Lyon and
McNeilly and Chikalla (the latter is
essentially the ASTM-standard
method). This analysis method, as with
all of the indirect analytical methods,
suffers from the fact that there are no
(O/M)  standards.[§JO]{1]] In the
absence of such standards,
thermodynamics has quite often been
used. For example, the
thermogravimetric method relies on the
establishment of an oxygen potential
with which a stoichiometric oxide is in
equilibrium. The attractiveness of this
approach is that regardless of the
thermal treatment conditions used to
establish the required oxygen potential
(furnace gas composition,
temperature, etc.), the same, final

oxide composition should result. In
practice, however, there are questions
about the equivalency of different
treatment schedules. A round-robin
study, involving seven different
laboratories, was conducted to
establish the bias and precision of the
thermogravimetric method. Each
laboratory was to analyze a batch of
hypostoichiometric mixed oxide pellets
for (O/M). A specific thermal treatment
was to be used. It turns out that
several different thermal methods were
actually used, with each laboratory
using its preferred treatment schedule.
If the assumption of method
equivalency is correct, this variation in
treatment process should not have

affected the measured (O/M)’s
(assuming that each method
establishes the same  oxygen

potential). It turned out, however, that
there were statistically significant
differences in the measured (O/M)’s. In
a subsequent study where the same
thermal treatment method was used,
the results of an inter-laboratory
comparison  study showed an
acceptable variation of 0.003 in

O/M.[[r3]

After evaluating the methods
shown in Figures1 and 2, it was
recommended that one of two indirect
methods, standardized by a direct
method, be adopted for use. The two
indirect methods are
1. Solid state coulometric titration to

the MO2 reference end-point, or

2. Thermogravimetry to the MO>
reference end point.

Solid State Coulometric Titration

If two electronically conductive
materials whose common chemical
constituents are present in different
chemical potentials are physically
separated by a third material that
possesses the unique property that it



can conduct an ion common to both of
the aforementioned materials, a
voltage difference can be measured.
This is the basic principle behind a
galvanic or electromotive force (EMF)
cell. The chemical potential of oxygen
for a given single-phase solid oxide
has a unique temperature and
stoichiometry dependent value. A
measurement of the chemical potential
of oxygen can provide important
information on oxygen concentration
within the metal oxide. One method for
measuring the chemical potential of
oxygen in a metal oxide is by making
the metal oxide one electrode (the
working electrode) of a solid-state EMF
cell and by making the reference
electrode out of a metal/metal oxide
mixture where the chemical potential of
oxygen is thermodynamically fixed by
the Gibb's phase rule. The electric
potential measured across this cell, at
a given temperature, is then
proportional to the difference in oxygen
chemical potential between the metal
oxide and by the oxygen chemical
potential set, or fixed, by the reference
electrode.

The overall cell reaction
involves the removal of oxygen from
the less electropositive side of the cell
(uranium oxide or mixed oxide) and the

electropositive side of the cell
(reference electrode). The voltage
generated across the cell is a measure
of the difference in oxygen potential
between the two materials. Such a cell
can be operated in either of two
modes:

1. Potentiostatic The steady-state rest
voltage between the working and
reference electrodes is measured,
in the absence of current flow. This
method is analogous to an aqueous
potentiostatic titration.

2. Coulometric A constant potential is
applied between the working and
reference electrodes, and the
resulting current is measured. This
mode of operation is analogous to
an aqueous coulometric titration.

The desirable features of the
potentiostatic and coulometric
operations can be combined, as shown
in Figure 3. Once the pellet has been
heated, in an inert atmosphere, a
potentiostatic measurement of the
furnace atmosphere will give the
oxygen potential from the Nernst
equation. This static measurement
reveals whether the pellet is hypo- or
hyperstoichiometric. Then, an oxygen-
containing carrier gas of known oxygen
potential is admitted into the furnace. A

- coulometric titration to the
addition of oxygen to the more
'y o I T \V4
1 1 th
Furnace '-
sample
Pt
— I —
furnace tube ‘
() l ()

Figure 3. Schematic diagram of a combined EMF/coulometric titration apparatus.



stoichiometric end-point (MO2 _o00)

gives the deviation from stoichiometry.
From the schematic, it is not necessary
for the working electrode to be in
physical contact with the electrolyte. In
fact, systematic errors can be
minimized by transferring the charge
carriers using a carrier gas, in lieu of
physical contact.| For example,
instead of “pumping” oxygen out of the
sample, thereby reducing it to pure
metal, the experiment might involve
reduction of hyperstoichiometric oxide
to stoichiometric using a (inert gas/H2)

gas stream

The advantages of solid-state
coulometric titration are

1. The measurement of charge is an
inherently more accurate process
than is the measurement of
potential, since the current
reference for the titration method is
the electron, whose value is known
very accurately.

2. A calibration curve, based on EMF
vs. O/M, which is required for the
potentiostatic operation, is not
needed for the coulometric
operation. However, if the titration
is carried out to a pre-determined
reference state, this reference state
must have been previously defined.
(The same is true for the
thermogravimetric method.)

3. An EMF cell, operated as a solid-
state coulometric titration cell,
would not be subject to problems
associated with the wuse of
reference electrode, such as
depletion of the metal oxide.

4. When the deviation from
stoichiometry  becomes  small
(x - 0), both EMF/Galvanic Cells
and thermogravimetry lose
precision. The former due to the
very small potentials which must be
measured, the latter due to
systematic errors such as buoyancy
effects and weighing errors. Solid-

state coulometric titration, however,
retains high precision for small x.

The limitations of the titration method

are

1. The metal content (U + Pu) must be
accurately known, since only the
oxygen activity is determined.

2. Unless an apparatus is built which
allows the samples to be introduced
into the measuring furnace at the
measuring temperature, the speed
of an analysis will be limited by the
time to reach temperature, as well
as time to establish equilibrium.

CONCLUSIONS

Solid state coulometric titration is
currently used extensively in studies of
phase equilbria, defect chemistry,
thermochemical measurement  of
oxides, including ferrites.[ Also, the
apparatus required for this analysis
can be purchased commercially or can
be constructed using commercially-
available instruments. The cost either
way is relatively low. The commercial
instruments can easily measure micro-
coulomb amounts of charge, and,
since the method whereby the oxide is
reduced to a pre-defined reference
state will involve a total charge of
some coulombs, the measurement will
be capable of very high sensitivity.

Regardless of which indirect
method is used (solid state coulometric
titration or thermogravimetry), a
primary, direct method will also be
required for establishment of the MO2

reference state, determination of

method bias, and periodic calibration.

It was recommended that the following

direct method be adapted for this

purpose :

1. Oxygen measurement by inert
gas fusion/carbon reduction, and
total U,Pu by controlled potential
coulometry.



Further, it is advisable that this
direct method be used in conjunction
with a certified reference standard
material. This is particularly true in
view of the uncertainties associated
with the wuse of “thermodynamic
standards” and the unproven
equivalency of thermal treatments in
the thermogravimetric method. It is
probable that a series of Working
Reference Materials (WRM)[[1§,1]719]
will have to be fabricated. It is possible
to fabricate such a WRM from either
actual (U,Pu) mixed oxides or from a
surrogate material.

Because of the possibility of
‘O/M drift” in a real oxide during
prolonged storage, a surrogate oxide
of TizOg/ThO2 has been

suggested,[ where the titanium
suboxide serves as the Vvariable-
stoichiometry phase and ThO2 acts as

an inert matrix material.

The establishment of a WRM usi

(U,Pu) mixed oxides would involve flz%f

1. Standardization of the feedstock
materials (purity of starting oxides,
their elemental composition, etc.)

2. Standardization of the pellet
fabrication process (binder type and
concentration, sintering time and
temperature, furnace atmospheres,
etc.)

3. Identification of the properties to be
certified (elemental composition,
pellet density, pellet dimensions,
etc)

4. Determination of the quantity of
WRM to be generated.

In addition, if (U,Pu) mixed oxides
are used, it should be noted that
WRM’s should be generated for
several values of Pu/U ratio. The basis
of such WRM’s should be NIST or
IAEA-traceable starting materials, i.e.,
Certified Reference Materials (CRM’s),

available from, for example, New
Brunswick Laboratory. The
establishment of a WRM can proceed
by two routes, either (a)pellets
produced by the fabricator can be sent
to New Brunswick for certification, or
(b) pellets produced by New Brunswick
can be certified for use by the
fabricator. Since the object of the Los
Alamos MOX Project is to evaluate the
use of excess weapons Pu, which will
contain known impurities, and since
the goal of the WRM'’s is to establish
routine analytical methods by the
fabricator, a parallel approach will
probably serve best. Pure PuO2 and

UO2 can be blended and sintered into

pellets, and these would be returned to
New Brunswick for analysis, to
determine baseline values of the
certified properties and statistics of the
analytical methods. Simultaneously,
pellets fabricated by LANL, using
materials from the stockpile, will be
fabricated into pellets. These would
then be sent to New Brunswick for
certification. A stock of such certified
pellets could then be available to the
fabrication facility for their analytical
needs.

In some of the experimental
studies covered in the O/M evaluation,
such working standards have been
fabricated starting from high-purity
uranium and plutonium metals.@]
There is evidence, however, that a
reference material made by mixing the
pure component oxide powders,
themselves produced by oxidation of
the pure metals may behave differently
than a sintered pellet (due to effects
related to surface-to-volume ratio,
etc.).[23]44]] Further, if the reference
pellet is sintered, there is no guarantee
that the O/M of the reference will not
change as a result of the thermal
treatment.



Table 1.

Experimental Values of Accuracy/Precision for O/M Methods.

Method

Accuracy/precision

_Ref.

Thermogravimetry

Oxidation to U3Og : + 0.002 in O/M

[25]

Oxidation to UO»2 : £0.002 in O/M

Gasometric/Gas equilibration

Precision for UO2.4+y stated to be + 0.003 in x

24 77]
28]

Inert gas fusion (for oxygen) +
total metals (U + Pu) by
controlled-potential coulometry

Relative standard deviation for (Ug gPug 2)O2 stated to be 0.2 %
Precision of £ 0.005 in O/M for 1 g samples

[29]

Fluorination

Coefficient of variance < 2 % for Y203

Compound Addition

Precision of £ 0.0008 in x for UO24.
Standard deviation of £ 0.002 in x for U30g_x samples.

EMF Cell

Precision of + 0.002 in O/M for UO2+x

Coulometric Titration Precision of + 0.0004 for UO2 4 [34]
Precision of + 0.002 in O/M for mixed oxide samples containing up to 4% PuO2 ]
Spectrophotometry/Absorptimetry | Reproducibility of + 0.0002 in O/U for UO2.4x [36]

Accuracy of 1% in Pu(VI)/ Pu(total) ratio for Pu-bearing solutions

Polarography Precision of + 0.001 in O/M for UO2.4y. ]
For UO24, error is £ 0.0005 in the vicinity of UO2 ]
and £0.005 near UO2 25. .

Phosphorimetry/ Unknown [40]

Laser-Induced Phosphorescence —_

Potentiometric Titration (which ?) |  0.001 in O/M for UO2x [41]

Amperometric Titration

Spectrophotometric Titration

Thermal Conductivity/Diffusivity Conductivity measured = f (O/M), but no analysis of O/M = f (conductivity) 0

Heat capacity/Specific Heat Heat capacity measured = f (O/M), but no analysis of O/M = f (heat capacity) 0




Melting Point Melting point = f (O/M) for PuO2_y, [47]
‘Melting point = f (O/M) for UO24sc 7%
Liquiud, solidus temperatures = f (O/M) for (U1.yPuy)O2.x fory =0.8,0.6 and 0.4 | [#3] |
Thermal Expansion/Dilatometry | Unknown 44]
Absorptivity/Tramissivity Changes in x as small as 0.0002 are claimed to be detectable. 44]
Streak Test Approximately £ 0.05 in x for UO24+x ﬂ]
Nuclear Reaction Analysis Used to verify O/M ratios in V205 films determined by Rutherford Backscattering [48]
Neutron Activation Analysis Precision of better than 1 % claimed for O/U in UO2+x pellets @]
Nuclear Resonance Scattering | Standard deviation estimated to be = 3.5 % for O/Ti in TiO2 films [50]
Rutherford Backscattering RSD of 2.0 % for 22 spectra of O/Al in AloO3 (Al/O = 0.67+ 0.01) [51.62]
Spectrometry RSD of 4.5 % for 30 spectra of O/V in VoOs (V/O = 0.4 + 0.02)
Thermoelectric Power Not given @_
Resistivity/Conductivity Not given ]
Hall Effect Not given ]
AES/EIL Not given @_
XPS/ESCA Not given ]
lon Scattering Spectrometry Experimental error of + 0.1 in O/M for Air oxidized (Fe,Cr)203_x -type films @]
XRF 1.95 + 0.08 for O/Ti in TiOo [61]
XRD Precision in O/M of + 0.001 for a (U4.yPuy)O2.x solid solution ]
Neutron Diffraction Not given ]
X-Ray Absorption Not given 1
Vapor Effusion Not given [65]
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